Summary. In order to define and characterize target cells of SARS-coronavirus (SARS-CoV) we studied the susceptibility of 23 different permanent and primary eukaryotic cell lines to SARS-coronavirus. Beneath Vero E6 cells SARSCoronavirus infection could also be demonstrated in two pig cell lines (POEK, PS) and one human cell line (Huh-7) using the indirect immunofluorescence assay and a newly established quantitative real-time PCR. In all susceptible cell lines mRNA of the Angiotensin-converting enzyme 2 (ACE2), the functional receptor for SARS-CoV infection, could be detected by RT-PCR. Our results show that there is a correlation between the abundance of ACE2 mRNA and SARS-CoV susceptibility.
markets and sometimes eaten in China [2] . However, these species are not necessarily the natural hosts.
In our study we investigated if SARS-CoV could infect and replicate in permanent cell lines and primary cells of different species in order to i) define and characterize potential target cells of SARS-CoV, ii) to understand the mechanism of virus transmission and the nature and range of target cells and organisms. We furthermore investigated SARS-CoV susceptible and not-susceptible cell lines for ACE2 mRNA.
To study the kinetic of SARS-CoV infection, various cell lines were infected with SARS-CoV strain Hong Kong at multiplicities of infection (M.O.I.) of approximately 30. The production of SARS-CoV was determined in the supernatant and in the infected cells at definite time points post infection using a quantitative real-time PCR [11] . In parallel, infected cells were investigated for the presence of viral protein using an indirect immunofluorescence assay (IFA) [5] .
For stock production, SARS-CoV (strain 6109) isolated from a Hong Kong patient (kindly provided by Wilina Lim, Government Virus Unit Hong Kong) was added to Vero E6 cells (American Type Culture Collection, ATCC, CRL 1586). After 8 h of incubation the supernatant and the infected cells were harvested, stringently centrifuged (10 min at 6000 × g) and the supernatant was aliquoted. Afterwards the virus titre was determined (3.25 * 10 7 PFU/ml).
All cell lines used (Table 1) were grown in the appropriate culture medium recommended by ATCC or ECACC (European Collection of Cell Cultures). Porcine Peripheral Blood Mononuclear Cells (PBMC) were isolated from a healthy pig and grown in Roswell Park Memorial Institute 1640 Medium (RPMI 1640) (Gibco, Paisley, UK) with 10% FCS and 2 mM glutamine (ICN, Costa Mesa) and 100 µg/ml streptomycin and 100 U/ml penicillin (Biochrom, Berlin, Germany). Chicken embryo fibroblasts were prepared from 11-day-old chicken embryos and cultivated in Dulbeccos Modified Eagle Medium (D-MEM) (Gibco, Paisley, UK) supplemented with 10% FCS and 100 µg/ml streptomycin and 100 U/ml penicillin.
One day before infection adherent cells were seeded onto sterile glass slides in 12-well plates while suspension cells were cultivated in 6-well plates. Adherent cells were infected with 25 µl and suspension cells with 100 µl of infectious supernatant of SARS-CoV (3.25 * 10 7 PFU/ml). Vero E6 cells were used as a positive control while uninfected cells were used as negative controls.
For quantitative real-time PCR RNA from approximately 2.5 * 10 4 cells was prepared using the RNeasy Protect Mini Kit (Qiagen, Hilden, Germany). Similarly, infected cell supernatant was centrifuged at 1.000 rpm in a Heraeus Varifuge to remove cells; RNA was extracted from 140 µl supernatant using the QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany). The amount of SARS-CoV RNA was determined in triplicate by quantitative real-time PCR as described elsewhere [11] .
For RT-PCR analysis total RNA was isolated using RNeasy Protect Mini Kit (Qiagen) and was twice digested with DNase I (AMBION, Huntingdon, UK) as described in the manual instructions. For the detection of ACE2 mRNA, cDNA was produced from total RNA of all cell lines susceptible for SARS-CoV 
Analysis with a light microscope revealed CPE in Vero E6 cells starting 7 h after infection and in Huh-7 cells starting 31 h after infection. Vero E6 cells formed syncytia or progressed from typical elongated morphology to round dead cells with cell debris in the supernatant. By 55 h after infection almost all Vero E6 cells were detached from their support, whereas Huh-7 cells were still growing in monolayer and tended to syncytia formation. In contrast, no visible changes were observed in the porcine cells (data not shown).
IFA revealed that 7 h after infection viral protein could be detected in approximately 50% (data not shown) and 31 h after infection in approximately 100% of the Vero E6 cells (Fig. 1/II A, B) . In contrast, 50% of the Huh-7 cells were positive for viral antigen not until 31 h after infection ( Fig. 1/II C, D) . At that time, the first presence of viral antigen could also be detected in porcine POEK ( The quantification of SARS-CoV RNA by quantitative real-time PCR revealed a significant increase of intracellular viral RNA in Vero E6, Huh-7, POEK, (Fig. 1/I A-C) and PS cells (data not shown). To determine whether extracellular virus particles had been produced by SARS-CoV infected human and porcine cells, cell-free supernatants were tested by quantitative real-time PCR at different times post infection. An increase of SARS-CoV RNA was detected in the supernatant of infected Vero E6, Huh-7, POEK ( Fig. 1/I A-C) and PS cells (data not shown).
As expected, the investigation of all SARS-CoV susceptible cell lines (Vero E6, Huh-7, POEK and PS) for mRNA of ACE2 was positive in all cases though we failed to detect ACE2 expression by IFA, Western Blot and FACS analysis using commercially available monoclonal and polyclonal antibodies (ALPHA DIAGNOSTICS, San Antonio, USA) against human ACE2 (data not shown).
Although same amounts of cDNA were used and the experiments were repeated three times the signals of the porcine cell lines maintained much weaker ( Fig. 2A lane 3 and 4) . After sequencing, BLAST analysis of the resultant PCR products of SARS-CoV susceptible Vero E6 and Huh-7 cells showed a 98% homology to the mRNA of the humanACE2 (GenBank accession no. NM021804), while porcine POEK and PS cells showed 87% homology to the mRNA of the human ACE2 (GenBank accession no. NM021804).
No mRNA ofACE2 could be detected in the not-susceptible cell lines (Fig. 2B ). All cDNA samples used in the ACE2 PCR have been tested positive in the control PCR (Fig. 2C) .
To examine whether the infection efficiency in porcine POEK could be increased by viral adaptation cells were infected with SARS-CoV Hong Kong as mentioned above and cultivated for 4 weeks. After this period of time the indirect immunofluorescence assay was carried out and SARS-CoV positive cells were counted. An adaptive effect resulting in a 10-fold higher infection rate could be observed in POEK cells (Fig. 1/II G) .
In our studies we could demonstrate that the green monkey cell line Vero E6 and the human Huh-7 cells show a high susceptibility to SARS-CoV resulting in high infection rates within hours. Using the quantitative real-time PCR we could detect up to 6 * 10 7 RNA copies in 2.5 * 10 4 SARS-CoV infected Vero E6 cells 31 h after infection. These data could be confirmed with the IFA showing up to 100% infection of Vero E6 cells and 50% infection of Huh-7 cells 31 h after infection. Another finding in our studies was the demonstration that SARS-CoV could replicate in porcine PS and POEK cells. These observations have also been made by others [4] who demonstrated replication of SARS-CoV in the porcine cell line PK-15. However, in our experiments infection rates of the porcine cells with SARS-CoV were clearly lower.
The Angiotensin-converting enzyme 2 has been identified to play an important role in SARS-CoV entry [9] . It can be expected that the SARS-CoV susceptible cells express a SARS-CoV specific receptor. We could identify mRNA of ACE2 in SARS-CoV susceptible Vero E6, Huh-7, porcine POEK and PS cells but ACE2 protein expression could not be verified by several methods suggesting that the expression level may be very low. Recent studies have revealed that recombinant ACE2 expressed on the cell surface does trigger viral permissiveness and that infection can be blocked by soluble ACE2 [6, 10] . The different infection rates in porcine POEK and PS cells may be due to a lower expression rate of the ACE2 which we showed on mRNA level. Moreover there could be the necessity of an accessory factor for virus adsorption and entry. This could be confirmed by Chan et al. [1] who found ACE2 expression also in cells that were not susceptible for SARS-CoV.
Another possibility for lower infection rates in porcine cells may also be that the sequence homology of the human ACE2 strongly deviates from the porcine ACE2. Interestingly, infection efficiency in POEK cells could be increased quickly by adaptation of the virus to POEK cells. Present studies will therefore clarify the question to what extent the adapted viruses differ from the original virus stock by growth comparisons and sequencing.
